Human fungal infections represent a therapeutic challenge. Although effective strategies for treatment are available, resistance is spreading, and many therapies have unacceptable side effects. A clear need for novel antifungal targets and molecules is thus emerging. Here, we present the identification and characterization of the plant-derived diyne-furan fatty acid EV-086 as a novel antifungal compound. EV-086 has potent and broad-spectrum activity in vitro against Candida, Aspergillus, and Trichophyton spp., whereas activities against bacteria and human cell lines are very low. Chemical-genetic profiling of Saccharomyces cerevisiae deletion mutants identified lipid metabolic processes and organelle organization and biogenesis as targets of EV-086. Pathway modeling suggested that EV-086 inhibits delta-9 fatty acid desaturation, an essential process in S. cerevisiae, depending on the delta-9 fatty acid desaturase OLE1. Delta-9 unsaturated fatty acids-but not saturated fatty acids-antagonized the EV-086-mediated growth inhibition, and transcription of the OLE1 gene was strongly upregulated in the presence of EV-086. EV-086 increased the ratio of saturated to unsaturated free fatty acids and phosphatidylethanolamine fatty acyl chains, respectively. Furthermore, EV-086 was rapidly taken up into the lipid fraction of the cell and incorporated into phospholipids. Together, these findings demonstrate that EV-086 is an inhibitor of delta-9 fatty acid desaturation and that the mechanism of inhibition might involve an EV-086 -phospholipid. Finally, EV-086 showed efficacy in a guinea pig skin dermatophytosis model of topical Trichophyton infection, which demonstrates that delta-9 fatty acid desaturation is a valid antifungal target, at least for dermatophytoses.
H
ealthy individuals are remarkably resistant to fungal infections. However, predisposing factors, such as age, immunosuppression, and underlying disease, weaken the immune system and render the host susceptible to fungal infections. Humid conditions and occlusive clothing further favor fungal growth on the skin. Fungal disease is therefore widespread and manifests in a spectrum from relatively mild dermatophytoses to serious systemic infections (1) .
Chemotherapy has proven to be a highly effective strategy for the treatment of fungal infections. The majority of agents applied for the treatment of dermatophytoses are from the allylamine and azole family. Triazoles, polyenes, and echinocandins are currently the main classes used to treat systemic fungal infections. Both the allylamines and the azoles inhibit the biosynthesis of ergosterol, an essential membrane component crucial for the physico-chemical properties of the membrane. Polyenes do not target the ergosterol biosynthetic pathway but directly bind to membrane sterols. The echinocandins target beta-glucan synthesis, which is essential for cell wall biosynthesis (2) (3) (4) .
Even though current chemotherapeutic strategies for the treatment of human fungal infections are effective, the widespread use of antifungal compounds has generated resistance, and many therapies are now losing efficacy (5, 6) . A clear need for novel antifungal targets and molecules is therefore emerging. Ideally, antimicrobial molecules act multifactorially, inhibiting different essential processes. This ensures fast and efficient clearance of the pathogen while minimizing the risk of resistance development. Remarkably, the azoles, polyenes, and allylamines all target either ergosterol directly or its biosynthesis, which eventually impairs membrane-associated processes and adaptation to the environment. Membrane components such as ergosterol are therefore attractive antifungal targets (7) .
Here, we present the identification of the plant derived diynefuran fatty acid EV-086 as a novel and specific antifungal compound. Chemical-genetic profiling and transcript analysis revealed that EV-086 targets delta-9 fatty acid desaturation, an essential metabolic step in the biosynthesis of unsaturated fatty acids. EV-086 thus interferes with the biosynthesis of membrane components similar as do the azoles, polyenes, and allylamines, but via a different mechanism. The efficacy of EV-086 was validated in vivo in a guinea pig skin dermatophytosis model of fungal infection.
MATERIALS AND METHODS
Isolation of metabolites with antifungal activity from plant cell cultures. A library of purified plant metabolites was screened for compounds with antifungal activity. The library was prepared from plant cell cultures as described previously (8, 9) . Briefly, callus cultures were established on agar and then grown in suspension culture. The suspension cultures were subjected to a series of treatments to activate secondary metabolic pathways. About 40,000 different metabolites were purified from more than 2,000 plant cell cultures by using preparative high-performance liquid chromatography. The isolated compounds were then screened for antifungal activity by broth microdilution at final concentrations of 200, 100, 50, 10, and 1 g/ml as described previously (10) . In each well of a 96-well plate, 5 l of test sample in dimethyl sulfoxide (DMSO) was combined with 95 l Candida albicans SC5314 (11) suspension in RPMI medium (10.4 g/liter; R6504 buffered at pH 7 with 0.165 M morpholinepropanesulfonic acid; Sigma), resulting in a final suspension of 5 ϫ 10 3 cells/ml. The plates were shaken and incubated at 35°C for 24 h. A 25-l aliquot of 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) stock solution was added to each well, and the plate was incubated on a shaker for another 2 h at 35°C. Absorption was measured at 470 nm in a spectrometer, and the 50% inhibitory concentation (IC 50 ) was determined by using nonlinear least square fitting.
A metabolite with an IC 50 below 1 g/ml was identified from a plant cell culture of Anarrhinum bellidifolium and designated EV-086. Detailed culture conditions and extraction procedures for the isolation of EV-086 were as follows. Plant seeds were sterilized, and seeds were placed on seed germination medium (modified after Gamborg's B5 recipe [12] ; 1% sucrose, no hormones, and 10 mg/liter propiconazole). Seedlings were chopped into small pieces and placed on solidified callus induction medium (modified after Gamborg's B5 recipe, containing 1 mg/liter 2,4-dichlorophenoxyacetic acid, 0.1 mg/liter kinetin, 100 ml/liter coconut water, and 2% sucrose). Portions of seedling explant and callus were placed in suspension medium (modified after Gamborg's B5 recipe containing 1 mg/liter 2,4-dichlorophenoxyacetic acid, 0.1 mg/liter kinetin, 100 ml/liter coconut water, and 3% sucrose) and replenished at 14-day intervals. Conical flasks containing 750 ml of suspension medium were inoculated with 250 ml of 14-day-old suspension culture. After 7 days of growth, filter-sterilized methyl jasmonate (250 M, final concentration) and an autoclaved C. albicans preparation (50 mg/liter, final concentration) were added for defense system induction. Cell cultures were incubated for 6 days, harvested by vacuum filtration, and freeze-dried. Freezedried cell biomass was extracted with methylene chloride-methanol (1:1). The dried extract was absorbed and fractionated on a Diaion HP-20 column (catalog number 13606; inner diameter of 2.5 cm, 25 cm deep; Sigma) and eluted with H 2 O, 20% methanol in H 2 O, methanol, and acetone. The structure of EV-086 was elucidated by mass spectrometry and nuclear magnetic resonance.
Susceptibility testing of yeasts and filamentous fungi. MICs were determined by broth microdilution according to the Clinical and Laboratory Standards Institute (CLSI) reference methods for antifungal susceptibility testing of yeasts and filamentous fungi (13, 14) . Briefly, EV-086 was dissolved in ethanol, and serial 2-fold dilutions of 100ϫ concentrated compound were further diluted 1/50 in RPMI medium. Aliquots of 100 l of cell or conidia suspensions (2,000 cells or conidia/ml) were added to 96-well plates, and 100 l of test compound diluted in RPMI medium was added. The endpoint was complete growth inhibition (optically clear), determined by visual inspection of growth wells. Saccharomyces cerevisiae strains were tested in synthetic complete (SC) medium (15) . Checkerboard assays combining test compounds with fatty acids were set up accordingly. EV-086 and fatty acids were prepared as 4-fold dilutions in RPMI medium. Fifty-microliter aliquots were combined in 96-well plates and inoculated with 100 l cell or conidia suspension.
Viability of C. albicans in response to EV-086 was determined in a time-kill kinetic analysis. C. albicans ATCC 24433 was inoculated at 1,000 cells/ml in RPMI medium. Viability of the cells was analyzed before compound addition and after 1 h, 2 h, 4 h, 8 h, 24 h, and 48 h with compound by plating 100 l of culture on potato dextrose agar plates (PDA; Difco catalog number 213300). Dilutions in saline were made when cultures reached higher densities. Plates were incubated for 2 days, and culture cell densities were calculated based on the CFU. A carryover effect was negligible up to 500 ng/ml EV-086 in culture.
Susceptibility testing of bacteria. The MICs were determined according to the CLSI reference method for dilution antimicrobial susceptibility tests for bacteria (16) . Briefly, EV-086 was dissolved in ethanol, and serial 2-fold dilutions of 100ϫ concentrated compounds were further diluted 1/50 in Mueller-Hinton broth. Cell suspension aliquots (100 l; 10 6 cells/ ml) were added to 96-well plates, and 100 l of diluted test compound was added. The endpoint was complete growth inhibition (optically clear), determined by visual inspection of growth wells.
Mammalian cytotoxicity assay. Cell viability was tested with a colorimetric assay that measured metabolic activity (17) . Briefly, HepG2 and HeLa cells were grown at 37°C in 95% oxygen and 5% CO 2 in Dulbecco's modified Eagle medium (Sigma) supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin (Pen/Strep). Cells were seeded into 96-well plates in medium without Pen/Strep at a density of 2 ϫ 10 4 (HepG2) or 10 4 (HeLa) cells per well and incubated for 1 day without test compound. Serial 3-fold dilutions of EV-086 were prepared as DMSO stock solutions, diluted in medium without Pen/Strep, and added to the cell layers (1% DMSO, final concentration). Cells were incubated for 2 days with compound. Fifty microliters of XTT stock solution was added to each well. After 4 h, absorption at 470 nm was determined as the measure of viability. Absorption of control wells was subtracted from all measurements. Nonlinear least square fitting was applied to determine the 50% cytotoxic concentration.
Chemical-genetic profiling of Saccharomyces cerevisiae against EV-086. A collection of 4,917 homozygous diploid BY4743-derived S. cerevisiae knockout strains served as the screening library (catalog number YSC1056; Thermo Fisher Scientific, Open Biosystems). The library strains were cultured in YPD medium (1% Bacto yeast extract, 2% Bacto peptone, 2% dextrose) in a 96-well format, and aliquots were spotted onto YPD agar (2% agar) containing 0, 0.5, 2, or 8 g/ml EV-086 by using a 96-pin replicator. Susceptibility to EV-086 was determined after 2 days by visual inspection of the colony diameters in comparison to those of the parent strain, BY4743 (18) . Primary hit strains were recultured and verified in a secondary drop spot assay. The biological processes associated with the deleted genes were determined for the identified strains (19, 20) . A hypergeometric distribution was calculated to determine significantly overrepresented biological processes in the sample compared to the population, and a Bonferroni correction was applied to correct for the familywise error rate (21) .
Transcript profiling of the OLE1 gene. S. cerevisiae BY4743 (18) was cultured in SC medium (15) . RNA was isolated by glass bead extraction from 2 ϫ 10 7 yeast cells (RNeasy minikit; Qiagen). cDNA was prepared by two-step reverse transcription-PCR (RT-PCR; QuantiTect reverse transcription kit; Qiagen). cDNA levels were determined quantitatively on a Rotor-Gene Q 2plex platform (Rotor-Gene SYBR green PCR kit; Qiagen). Reactions were performed in triplicate, and the normalized relative expression was calculated using the ⌬⌬C T method (22) . The alpha-tubulin gene (TUB1) served for normalization of cDNA. Oligonucleotides 5=-TG GGACAAACAAACCTT-3= and 5=-CACCACCTGGATGTTCAGAG-3= were used for amplification of the S. cerevisiae OLE1 gene, and oligonucleotides 5=-CCAGATGGTCAAGTGTGATCC-3= and 5=-CAACCAATT GGACGGTCTTC-3= were used for the amplification of the TUB1 gene (23) (24) (25) . One-way analysis of variance (ANOVA) with Dunnett's post hoc test was performed using the Prism software (version 5.00 for Windows; GraphPad Software, San Diego CA).
S. cerevisiae lipid extraction and analysis.
To analyze relative levels of unsaturated and saturated free fatty acids and molecular species of phospholipids, lipids were extracted and analyzed as described previously (26) . Briefly, cultured S. cerevisiae cells were collected by centrifugation, resuspended in 150 mM ammonium bicarbonate (pH 8), and disrupted with 0.5-mm zirconia beads (catalog number D1032-05; Benchmark Scientific, Edison, NJ). Disrupted yeast cells were extracted with chlorophormmethanol (17:1, vol/vol) and analyzed by mass spectrometry on a Brucker Esquire HCT ion trap mass spectrometer (electrospray ionization) with a flow rate of 250 l/h and a capillary tension of Ϫ250 V. Ion fragmentation was induced with argon as the collision gas at a pressure of 800 Pa. To compare uptake and incorporation of EV-086 to those of palmitic acid, cells were cultivated in the presence of 5 g/ml of either [
14 C]EV-086 or [
14 C]palmitic acid, both with a specific activity of 0.08 Ci/ml. At each time point, 10 optical density (OD) units of cells were withdrawn. Lipids were extracted with chlorophorm-methanol (1:1) from the cell pellet and the culture supernatant and subjected to scintillation counting. Aliquots were dried and separated by thin-layer chromatography (TLC) on silica gel 60 plates (Merck, Darmstadt, Germany) by using the solvents CHClmethanol-acetic acid (65/25/8, vol/vol/vol). The TLC was dried and exposed to a phosphorimager screen, and the screen was developed using a Typhoon FLA 9500 imager (GE Healthcare, GmbH, Europe).
Guinea pig skin dermatophytosis model of infection. The efficacy of EV-086 was determined in guinea pig model of Trichophyton menagrophytes skin dermatophytosis as previously described (27) . Briefly, T. mentagrophytes ATCC 24953 was prepared as a suspension of 2 ϫ 10 8 conidia/ ml. Male albino guinea pigs (Harlan-Sprague-Dawley, San Diego, CA) were randomly assigned to five different experimental groups with 10 animals in each group. Square areas (3 cm by 3 cm) of skin were shaved on the animals' backs and abraded using sterile emery paper. A total of 1 ϫ 10 7 T. mentagrophytes conidia were applied. The five experimental groups were treated as follows: untreated control, vehicle control (Captex 350; Abitec, Columbus, OH), 0.1% EV-086 (in Captex 350), 1% EV-086 (in Captex 350), or 1% terbinafine (Lamisil commercial formulation; Novartis) as the positive control. For mycological evaluations of the test compounds, hair samples were removed with a sterile forceps from the infected areas. Ten hair samples from each animal were inoculated, and the mycological efficacy was expressed as the percentage of mycologically positive hairs compared to the untreated control. Clinical assessments of local changes of the infected skin were scored from 0 (no findings) to 5 (extensive damage), and the clinical efficacy was expressed as a percentage relative to the result for the untreated control group. One-way ANOVA with Dunnett's post hoc test was performed using Prism software (version 5.00 for Windows; GraphPad Software, San Diego CA). All procedures in the protocol were in compliance with the Animal Welfare Act, the NRC Guide for the Care and Use of Laboratory Animals (56) , and the Office of Laboratory Animal Welfare. Guinea pigs were used upon review and approval of an addendum to our existing protocol by the Institutional Animal Care and Use Committee (IACUC).
RESULTS
A plant cell culture screen for natural antifungal compounds identified the diyne-furan fatty acid EV-086. In our search for novel natural compounds with antifungal activity, a library of purified plant cell culture metabolites was screened for compounds with activity against C. albicans. More than 40,000 purified compounds were tested for antifungal activity in an XTT-based broth microdilution assay. This screen identified a metabolite from Anarrhinum bellidifolium with a MIC of 2.5 ng/ml against the C. albicans strain ATCC 24433. The compound had a M w of 284. 35 and was designated EV-086. Spectroscopic analyses identified EV-086 as a diyne-furan substituted (Z)-9 unsaturated fatty acid [chemical name, (Z)-14-(furan-2-yl)tetradeca-9-en-11,13-diynoic acid] (Fig. 1a) . Chemically synthesized EV-086 (as the potassium salt, M w 322.44) confirmed the activity of the original molecule and was used for all further studies unless otherwise indicated. The thermodynamic aqueous solubility determined for EV-086 (potassium salt) was above 96.5 mg/ml (28) . The calculated average logP of EV-086 was 4.98 Ϯ 0.92 (29) .
EV-086 is a selective, broad-spectrum antifungal compound with potent activity in vitro. The MIC of EV-086 was determined against a panel of reference yeasts and filamentous fungi relevant for systemic and topical human fungal infections by using CLSI reference methods (13, 14) . Fluconazole, amphotericin B, and terbinafine served as comparators (Table 1) . EV-086 was highly potent against Candida spp., with MICs of 2.5 ng/ml for C. albicans and 80 ng/ml for C. glabrata. Similar high potency was observed for Trichophyton spp., with an MIC of 8 ng/ml for T. mentagrophytes. EV-086 was also active against Aspergillus fumigatus, with a MIC of 640 ng/ml. EV-086 showed only low activities against Candida parapsilosis, Aspergillus flavus, and Aspergillus niger. There was no major difference in activity between the potassium salt and the free acid of EV-086 as determined for five different Candida species. The MIC of EV-086 against the diploid S. cerevisiae laboratory strain BY4743 was 64 ng/ml, and it was 16 ng/ml for the haploid BY4742 and BY4741 strains.
The effect of EV-086 on the viability of C. albicans ATCC 24433 was investigated in a time-kill kinetic assay. Cell suspensions were incubated in shaking flasks, and CFUs were determined during a 48-h incubation period with agar plating (Fig. 2) . The reference MICs against the C. albicans assay strain ATCC 24433 were 2.5 ng/ml for EV-086, 400 ng/ml for fluconazole, and 1000 ng/ml for amphotericin B. A reduction of CFUs was observed after Ն4 h and at Ն5 ng/ml EV-086. After an incubation period of 24 h, EV-086 reduced the CFUs by Ͼ10-fold and Ͼ100-fold at 20 and 320 ng/ ml, respectively. Fluconazole at 16 g/ml showed an increase in the CFUs of Ͼ137-fold after 24 h, while the CFUs for amphotericin B were below the limit of detection at this concentration.
The activity of EV-086 was selective against fungi. Only very high concentrations inhibited the growth of mammalian cells or bacteria. The cytotoxic concentration of EV-086 against HeLa and HepG2 cells was Ͼ40 g/ml. The MICs against Staphylococcus aureus, Enterococcus faecalis, and Escherichia coli were 50, 12.5, and Ͼ200 g/ml, respectively.
In summary, EV-086 showed a broad-spectrum activity that was selective against fungi. EV-086 was equally potent or more potent compared to the reference compounds fluconazole, amphotericin B, and terbinafine for most of the tested fungi, and EV-086 reduced viability of the cells in the time-kill kinetic assay.
Evaluation of EV-086 analogues revealed a narrow structureactivity relationship. A primary structure-activity relationship (SAR) was determined to characterize the functional groups in EV-086. Fifteen analogues of EV-086 were synthesized, and the activities were determined as a measure of C. albicans in vitro susceptibility (Fig. 1) .
Modifications of the carboxylic acid group were not tolerated. EV-086 -tetrazole, which mimics the electron distribution of a carboxylic acid, EV-086 -amide, -alcohol, -methoxy, or -ethylester were inactive, with Ͼ100-fold decreased potency compared to the parent compound EV-086 (Fig. 1a to f) . A trans conformation at carbon C-9 abolished the activity, whereas a saturation of the C-9 -C-10 bond was tolerated, resulting in a MIC of 20 ng/ml for the EV-086 -9 -saturated analogue ( Fig. 1g and h ). Alkyl chain length modifications at the carboxylic acid terminus were not tolerated. Similarly, the removal of one triple bond inactivated the molecule (Fig. 1i to k) . Mimicking the diyne-furan moiety with a benzofuran also inactivated the molecule (Fig. 1l) . Certain modifications in the furan ring were tolerated. Oxazole analogues with a nitrogen substitution at the C-18 or C-17 carbons resulted in MICs of 20 ng/ml, whereas a C-16 substitution or the 18-methylfuran modifications were inactive (Fig. 1m to p) .
Together, these data suggest a narrow structure-activity rela-tionship for the EV-086 class of molecules. The distance between carbon atoms C-1 and C-9 cannot be changed. The C-9 -C-10 carbons must not be in the trans configuration, whereas the cis and saturated forms are active. A minor degree of freedom was found for the furan part of the molecule, whereas the diyne moiety did not accept changes. Chemical-genetic profiling of yeast identified lipid metabolism and organelle organization and biogenesis as targets of EV-086. Chemical-genetic profiling of S. cerevisiae knockout mutants was carried out to identify the target pathway of EV-086 (Fig. 3a) . Briefly, 4,917 homozygous diploid S. cerevisiae strains, each with one defined open reading frame (ORF) deleted (30), were individually cultured and replica plated on agar plates containing a permissive (0.5 g/ml), semipermissive (2 g/ml), or restrictive (8 g/ml) concentration of EV-086. Plates were incubated and colony growth recorded. Strains hypersensitive to EV-086 were verified in a secondary drop spot assay (Fig. 3b and c) . This revealed 44 genes that rendered S. cerevisiae hypersensitive to EV-086 when deleted. The S. cerevisiae GO-Slim vocabulary was used to map the identified genes to higher-level biological processes (Table 2) (19, 20) . The 44 identified genes mapped to 24 out of 39 available biological processes. A significant overrepresentation was determined for lipid metabolic process (P Ͻ 0.004) and organelle organization and biogenesis (P Ͻ 0.04).
Assembly of a putative pathway as the target of EV-086. Based on the identified genes, associated biological processes, and data in the literature, we assembled putative pathways as targets of EV-086. Most promising was a pathway controlling delta-9 fatty acid desaturation. In this pathway, the genes GET1, GET2, GET3, SSM4, UBX2, UBC7, and MGA2, which were identified in the chemical-genetic profiling, are included (Fig. 4) .
As reported in the literature, the GET complex, consisting of Get1p, Get2p, and Get3p, mediates insertion of tail-anchored proteins into the endoplasmic reticulum (ER) membrane (31) . Furthermore, the transcription factor Mga2p has been reported to localize to the ER membrane (32) . Sequence analysis predicts a C-terminal transmembrane domain in Mga2p (33) , and multiple genetic interactions between MGA2 and GET1, GET2, or GET3 have been reported (34) (35) (36) (37) . We therefore hypothesized that the GET complex also mediates insertion of Mga2p into the ER membrane. It has further been reported that the 120-kDa ER-associated form of Mga2p is proteolytically processed to a soluble 90- kDa form in a Cdc48p-dependent ER-associated protein degradation (ERAD) process (32). Ubx2p is a bridging factor that links Cdc48p to Ssm4p, Ssm4p is a membrane-associated ubiquitin protein ligase, and Ubc7p is a ubiquitin-conjugating enzyme (38, 39) . We therefore hypothesized that Ubx2p, Ssm4p, and Ubc7p are involved in an ERAD-dependent proteolysis of Mga2p. Indeed, both UBX2 and SSM4 genetically interact with MGA2 (24, 44) , and Spt23p, a functional homologue of Mga2p in S. cerevisiae, has been identified as a Ubx2p substrate (40) . Finally, it has been well described that the soluble 90-kDa Mga2p shuttles to the nucleus, where it induces transcription of the OLE1 gene, which encodes the delta-9 fatty acid desaturase Ole1p, an essential gene in S. cerevisiae (41) . Ole1p subsequently converts saturated fatty acyl-coenzyme A (CoA) substrates to monounsaturated fatty acid species by an oxygen-dependent mechanism (32) . In summary, the identified genes from the chemical-genetic profiling in the context of the data in the literature allowed us to assemble a putative pathway as the possible target of EV-086. From this work, we propose delta-9 fatty acid desaturation as the target of EV-086 and an involvement of the GET complex and ERAD in Mga2p-dependent transcriptional activation of OLE1. EV-086 targets delta-9 fatty acid desaturation. In order to test if EV-086 targets delta-9 fatty acid desaturation, we investigated whether delta-9 unsaturated fatty acids antagonized the growthinhibitory effect of EV-086 in S. cerevisiae and C. albicans (Fig. 5) .
S. cerevisiae was grown in the presence of EV-086 supplemented with oleic acid or stearic acid. Indeed, oleic acid but not stearic acid antagonized EV-086 in wild-type S. cerevisiae. In the Growth of the hypersensitive deletion strain (b) was inhibited at 0.5 g/ml EV-086, whereas the wild-type strain (c) showed about 50% growth at 2 g/ml.
TABLE 2 Deleted genes and associated biological processes of the S. cerevisiae knockout mutants hypersensitive to EV-086
a Significantly overrepresented biological process (P Ͻ 0.05). Genes in the category "biological process unknown" were significantly underrepresented.
presence of 28 g/ml oleic acid, the inhibitory effect of up to 8 g/ml EV-086 was antagonized. Further, oleic acid complemented the EV-086-dependent growth defect of get1, ubx2, and mga2 deletion mutants, representing the GET complex, ERAD function, and OLE1 transcription, respectively. The growth defects in these mutants, however, were not fully complemented, most likely due to other functions of these genes (Fig. 5a) . We further demonstrated an antagonism between EV-086 and oleic acid for C. albicans and T. mentagrophytes ( Fig. 5b and data not shown). The oleic acid antagonism was also confirmed for the analogues EV-086 -9-saturated, -18-oxazole, and -17-oxazole in C. albicans ( Fig. 1 and data not shown) . Together, these data showed that EV-086 targets delta-9 fatty acid desaturation and that the target is conserved at least in S. cerevisiae, C. albicans, and T. mentagrophytes.
EV-086 induces a transcriptional upregulation of OLE1. Based on our proposed pathway, we wanted to investigate at which level EV-086 targets delta-9 fatty acid desaturation: either at the Mga2p-dependent transcriptional control of OLE1 or posttranscriptionally. We therefore determined the expression of the OLE1 gene in EV-086-treated S. cerevisiae cells by using quantitative PCR.
S. cerevisiae BY4743 was cultured with EV-086 at concentrations of 1 and 10 g/ml. Culture samples were taken at 10, 60, 120, and 240 min, and the relative transcription of OLE1 was determined as the fold change compared to the untreated control at 10 min (Fig. 6) . A 10-to 20-fold increase in expression was observed between 60 and 240 min of incubation with 10 g/ml EV-086 (P Ͻ 0.01), whereas the expression of OLE1 in the untreated control remained unchanged during the incubation period. At 1 g/ml EV-086, the increase was around 5-fold (P Ͼ 0.05). Since oleic acid antagonized the growth inhibition of EV-086, the expression of OLE1 was further examined in the presence of 10 g/ml EV-086 plus 10 g/ml oleic acid. Under these conditions, the expression of OLE1 was reduced to the level of oleic acid alone. In analogy, the expression of OLE1 was also determined in C. albicans ATCC 24433. After 240 min, the expression increased about 5-fold compared to the untreated control (data not shown).
These findings suggest that EV-086 does not target delta-9 fatty acid desaturation at the Mga2p-dependent transcriptional control of OLE1 level but rather posttranscriptionally. This mechanism of inhibition is conserved between S. cerevisiae and C. albicans, and homologues of both MGA2 and OLE1 have been identified in C. albicans (42, 43) .
EV-086 increases the ratio of saturated to unsaturated fatty acids. Inhibition of delta-9 fatty acid desaturation is expected to change the saturation profile of free fatty acids and phospholipid fatty acyl chains. In order to verify EV-086's inhibitory activity against delta-9 fatty acid desaturation, the saturation degrees of free fatty acids and phosphatidylethanolamine (PE) fatty acyl chains were determined in S. cerevisiae.
Haploid wild-type S. cerevisiae BY4742 was cultured in SC medium with 10 g/ml EV-086, and culture samples were taken after 240 min of incubation. Lipids were extracted, and relative levels of free C 16 and C 18 fatty acids were analyzed by mass spectrometry (Fig. 7a) . For both C 16 and C 18 free fatty acids, EV-086 increased the ratio of saturated to unsaturated fatty acid by about 2.5-to 3-fold compared to the untreated control: the ratios of 16:0/16:1 fatty acids were 0.5 in untreated cells and 1.7 in drug-treated cells, and the ratios of 18:0/18:1 fatty acids were 1.8 in untreated cells and 4.6 in drug-treated cells (P Ͻ 0.001). Accordingly, the saturation profile of PE fatty acyl chains was analyzed (Fig. 7b) . Similarly, EV-086 increased the ratio of saturated to unsaturated fatty acid acyl chains by 3-to 6-fold for PE(32:1/32:2), PE(34:1/34:2), and PE(36:1/36:2). Further, PE was shifted toward species with elevated levels of shorter fatty acyl chain substitutions.
These profound increases in the ratio of free saturated to unsaturated fatty acids and PE fatty acyl chains corroborate delta-9 fatty acid desaturation as the target of EV-086. Further, the shift toward PE species with elevated levels of shorter fatty acyl chains likely reflects an adaptive response to the inhibition of delta-9 fatty acid desaturation.
Radiolabeled EV-086 is incorporated into phospholipids in S. cerevisiae. Exogenous fatty acids added to the growth medium are rapidly incorporated into phospholipids in S. cerevisiae (44) . The structural conservation between EV-086 and common fatty BY4743 cells were inoculated in SC medium at a density of 5 ϫ 10 6 cells/ml. Cultures were supplemented with ethanol (vehicle), 1 g/ml EV-086, 10 g/ml EV-086, 10 g/ml oleic acid (OA), or 10 g/ml EV-086 plus 10 g/ml OA. Culture samples were taken at 10, 60, 120, and 240 min after compound addition. The expression of OLE1 was determined by quantitative PCR and normalized to the level of alpha-tubulin gene expression (TUB1) at 10 min without EV-086 or OA. OLE1 expression levels for 10 g/ml OA and 10 g/ml EV-086 plus 10 g/ml OA were only analyzed at 120 min. *, P Ͻ 0.01 by one-way ANOVA with Dunnett's post hoc test, compared to vehicle at 10 min. Data are means Ϯ standard errors (n ϭ 3). 14 C]palmitic acid. This difference likely reflects not only uptake specificity but also the EV-086-mediated growth inhibition, which is not observed for palmitic acid.
EV-086 has in vivo efficacy in a guinea pig model of Trichophyton skin dermatophytosis. EV-086 has proven broad-spectrum and potent antifungal activity in vitro. In order to investigate its potential in vivo, EV-086 was tested in a guinea pig model of Trichophyton skin dermatophytosis as previously described (27) .
The activity of EV-086 against T. menagrophytes skin dermatophytosis in guinea pigs was assessed in five experimental groups: untreated control, vehicle control, 0.1% EV-086, 1% EV-086, and 1% terbinafine (Lamisil; Novartis) as the positive control. Square areas of shaved and abraded skin on the backs of the animals were infected with T. mentagrophytes ATCC 24953 on day 1. Treatment started on day 4 and lasted for 7 days, with daily applications of 0.2 ml of test product. On day 13, hair sample plugs were obtained and cultured for mycological evaluation, and local changes of the infected skin (redness, crusting, or lesions) were recorded for clinical assessment (Fig. 9) .
At a concentration of 1% in Captex 350, EV-086 demonstrated a 92.5% mycological efficacy (reduction of fungal positive hair) and a 66% clinical efficacy compared to the untreated control (P Ͻ 0.01).
DISCUSSION
Here, we report the identification of the natural small molecule EV-086 from the plant A. bellidifolium. EV-086 is a diyne-furan fatty acid with potent and specific antifungal activity that targets delta-9 fatty acid desaturation. To our knowledge, EV-086 is a first-in-class fungal delta-9 fatty acid inhibitor. The triazolidinethiones ECC145 and ECC188 have so far been the only other published fungal delta-9 fatty acid desaturase inhibitors (45) .
Chemical-genetic profiling of S. cerevisiae knockout mutants has proven to be an effective strategy for the identification of drug targets (46) . Here, we screened the S. cerevisiae ORF deletion library and identified 44 genes that confer hypersensitivity to EV-086. Based on the identified genes and data in the literature, a putative pathway controlling delta-9 fatty acid desaturation was assembled as a possible target of EV-086. Whereas an involvement of the GET complex in the localization of Mga2p is hypothetical and needs further investigation, only recently has an involvement of Ubx2p in the ERAD-dependent proteolysis of Mga2p been reported (40) . The roles of Ssm4p and Ubc7p in the ERAD process, however, need further investigation. Transcript profiling suggests that EV-086 targets delta-9 fatty acid desaturation not at the level of Mga2p-dependent OLE1 transcription but rather posttranscriptionally at the biosynthetic level of delta-9 fatty acid desaturation. The observed increase of OLE1 expression in response to EV-086 indicated a compensatory effect of the cell for the delta-9 unsaturated fatty acid auxotrophy. A decrease of OLE1 transcription would have been indicative of an inhibition of Mga2p or other transcriptional regulators. Ole1p would therefore be the most likely target of EV-086. However, purification and characterization of Ole1p in vitro has not been reported yet, and so far we have been unable to purify Ole1p for an enzymatic assay.
We further identified TRP1, TRP5 and ARO2 from the aromatic amino acid biosynthetic pathway, as well as other genes from amino acid biosynthetic pathways in the chemical-genetic profiling. Tryptophan did not antagonize the inhibitory effect of EV-086, as only a very slight decrease in sensitivity was observed for S. cerevisiae in the presence of tryptophan (unpublished results). We speculate that EV-086 alters the membrane composition via inhibition of delta-9 fatty acid desaturation, thereby affecting the function of various integral membrane proteins, including tryptophan transporters (47) . In agreement with this is the finding that S. cerevisiae OLE1 mutants show a disintegration of the nuclear envelope, which irreversibly damages the cell (48) . EV-086-dependent inhibition of delta-9 fatty acid desaturation thus likely affects different membrane-associated processes leading to multiple physiological failures and subsequent cell death. Furthermore, the heterodimeric transcription factors OAF1 and PIP2 (49) , which activate genes involved in beta-oxidation of fatty acids, were identified in our screen. These mutants were more susceptible to EV-086, which might indicate that beta-oxidation is a mechanism for inactivation of EV-086 in yeast. Similarly, it has been reported that Oaf1p and Pip2p are involved in inactivation of the toxic fatty acids octanoic acid and decanoic acid (50) , and OAF1 and PIP2 are upregulated in response to 6-nonadecynoic acid (45) .
The analysis of EV-086 analogues demonstrated that no changes were tolerated at the carboxylic acid moiety and that the configuration of the C-9 -C-10 carbon bond was critical for activity. Whereas a trans-9-decenoic configuration was not active (EV-086-trans), cis-9-decenoic acid (EV-086) or decanoic acid (EV-086 -9-saturated) configurations were active. The cis-9-decenoic acid and decanoic acid configurations are conserved in common fatty acids, including palmitic acid, palmitoleic acid, stearic acid, oleic acid, or linoleic acid. Lipid analyses with labeled EV-086 suggested that EV-086 is integrated into phospholipids, likely as a phospholipid fatty acyl chain. The impact of this incorporation on the antifungal activity of EV-086 is so far unclear. However, it might be that EV-086 is targeted to membranes as an EV-086 -phospholipid. Assuming that EV-086 inhibits Ole1p, EV-086 -phospholipids might colocalize with Ole1p in the ER membrane. EV-086 -phospholipids could then expose the EV-086 acyl chain to the hydrophobic side of the phospholipid bilayer, and inhibition of Ole1p might take place at the transmembrane portion of the protein.
Fatty acid biosynthesis as a target for antimicrobials has been controversial (51) . Although platensimycin has demonstrated antibacterial activity in vivo by inhibiting FASII-dependent fatty acid biosynthesis, another study suggested that bacterial pathogens overcome drug-induced FASII pathway inhibition via complementation with serum fatty acids (52, 53) . EV-086 has proven efficacy in a guinea pig model of T. mentagrophytes skin infection. This validates delta-9 fatty acid desaturation as a target for this indication and proves the efficacy of the compound in vivo. T. mentagrophytes therefore does not overcome EV-086-induced delta-9 fatty acid desaturase inhibition via complementation with skin unsaturated fatty acids. In contrast to the good efficacy observed in the guinea pig model of T. mentagrophytes skin infection, EV-086 was ineffective in rat and mouse models of systemic candidiasis (unpublished results). These findings could indicate that C. albicans overcomes EV-086-induced delta-9 fatty acid desaturase inhibition via complementation with serum unsaturated fatty acids. This in turn suggests that C. albicans can rely on serum fatty acids as a sole source of delta-9 unsaturated fatty acids and that C. albicans delta-9 fatty acid desaturation is dispensable for virulence in systemic infections. However, different studies have suggested that OLE1-mediated delta-9 fatty acid desaturation is an essential process for virulence (45, 54, 55) . We therefore assume that the inactivity of EV-086 observed in the systemic candidiasis studies is related to the molecule and not the target. This, however, needs further investigation.
In conclusion, EV-086 represents a novel class of antifungal compounds that target delta-9 fatty acid desaturation, and it is a novel lead antifungal compound with opportunities in human fungal disease.
